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Available online 5 September 2011Abstract The anterior ocular surface comprises the cornea, conjunctiva and a narrow intermediate region called the limbus.
It is widely accepted that the corneal epithelium is maintained by stem cells but different hypotheses propose that the stem
cells that maintain the mouse corneal epithelium during normal homeostasis are located either in the basal limbal epithelium
or throughout the basal corneal epithelium. There are no specific markers to help test these alternatives and new methods are
required to distinguish between them. We observed that KRT5LacZ/− transgenic mice produced rare β-galactosidase (β-gal)-
positive radial stripes in the corneal epithelium. These stripes are likely to be clonal lineages of cells derived from stem
cells, so they provide a lineage marker for actively proliferating stem cells. The distributions of the β-gal-positive radial stripes
suggested they extended centripetally from the limbus, supporting the limbal epithelial stem cell (LESC) hypothesis. Stripe fre-
quency declined between 15 and 30 weeks, which predicts a reduction in stem cell function with age. Pax6+/−, KRT5LacZ/− cor-
neas had small patches rather than stripes, which confirms that corneal maintenance is abnormal in Pax6+/− mice.
© 2011 Elsevier B.V. All rights reserved.Introduction
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doi:10.1016/j.scr.2011.08.007inner endothelial layer. In the adult mouse, the squamous,
non-keratinized corneal epithelium is stratified into 4–6
cell layers (Smith et al., 2002). The most widely accepted
hypothesis is that the adult corneal epithelium is renewed
and maintained by a stem cell population in the basal layer
of the limbus (a narrow ring-shaped area between the cor-
nea and conjunctiva) that proliferates slowly unless stimu-
lated by injury (Davanger and Evensen, 1971; Cotsarelis
et al., 1989). These limbal epithelial stem cells (LESCs)
give rise to rapidly dividing progenitor cells, the transient
(or transit) amplifying cells (TACs), which enter the basal
110 P. Douvaras et al.layer of the corneal epithelium. Here they migrate centripe-
tally and continue to proliferate for a limited time before
they detach from the basement membrane, move to the
suprabasal layers and become post-mitotic, more differenti-
ated and are finally lost by desquamation (Lehrer et al.,
1998).
Various combinations of markers have been proposed to
identify the putative LESCs (Pajoohesh-Ganji and Stepp,
2005; Schlotzer-Schrehardt and Kruse, 2005) but most will
also mark the early TACs and, as yet, there is no definitive
LESC marker or marker combination. There are, however,
several lines of indirect evidence to support the hypothesis
that the stem cells that maintain the corneal epithelium
are located in the limbus. Although this conventional view
of corneal epithelial maintenance by centripetal cell move-
ment from the limbus is widely accepted, Barrandon and col-
leagues have proposed that the limbus only contributes cells
to the corneal epithelium in response to wound healing and
that during normal homeostasis the corneal epithelium is
maintained by stem cells scattered throughout the corneal
epithelium itself (Majo et al., 2008). This new hypothesis
was based largely on transplantation studies, suggested
that corneal and conjunctival forces converged on the lim-
bus and implied that corneal epithelial cells either move
very little or are more likely to move centrifugally than cen-
tripetally. These two alternative hypotheses of corneal epi-
thelial maintenance are considered further in the
Discussion.
There is indirect evidence that LESCs may be deficient in
aniridia patients. Aniridia is an inherited human eye disease,
caused by heterozygosity for a defective allele of PAX6,
encoding the PAX6 transcription factor. This causes abnor-
mal eye development and progressive corneal deterioration
leading to corneal opacity and blindness. The corneal effects
in adult PAX6+/− aniridia patients are widely attributed to
LESC deficiency, based mainly on observations that the cor-
nea becomes conjunctivilised (Nishida et al., 1995) and that
limbal transplantation improves corneal defects (Holland
et al., 2003). However, to our knowledge, there are still no
studies addressing this issue directly. Eyes of Pax6+/− mice,
heterozygous for a Pax6 null allele, develop abnormally
and their corneas show similar progressive defects to
PAX6+/− aniridia patients (Ramaesh et al., 2003).
Previous experiments with mouse chimaeras and X-
inactivation mosaics (Collinson et al., 2002, 2004; Mort
et al., 2009) suggested that the numbers of active LESC
clones decline with age in wild-type mice and are reduced
in Pax6+/− heterozygotes. Although this would imply that
LESC function is deficient in Pax6+/− and older mice the
analysis of stripes in X-inactivation mosaics and chimaeras
is related to the number of active coherent clones of
LESCs and does not relate directly to the actual number
of LESCs (Collinson et al., 2002; Mort et al., 2009).
Keratin 5, K5 (also known as cytokeratin 5, CK5) is an in-
termediate filament protein, which is produced by the Krt5
gene in the basal epithelial layer of the skin and most strati-
fied epithelial tissues including the conjunctival and limbal
epithelia (Byrne and Fuchs, 1993) but its expression in the
cornea has been more controversial. It was originally
suggested that the mouse Krt5 gene was not expressed in
the corneal epithelium and K5 immunostaining in this
tissue detected long-lived keratin protein that was actuallysynthesised earlier in the limbal stem cells (Byrne and
Fuchs, 1993). However, more recent RT-PCR experiments
have shown that the Krt5 gene is expressed in the mouse cor-
nea (Lu et al., 2006).
We have produced several transgenic mouse lines in which
the human KRT5 (keratin 5) promoter drives expression of β-
galactosidase (β-gal) from the LacZ gene (Whitaker, 2004).
Adult hemizygous KRT5LacZ/− mice showed variegated β-gal
expression in the pinna, back skin, tail skin and tongue and
more variable staining in the trachea and tracheal submucosal
glands. During the characterisation of one of these KRT5LacZ
lines we noted that β-gal was also expressed in a mosaic pat-
tern in the conjunctiva and limbus of the ocular surface and
that its expression sometimes extended to the corneal epithe-
lium where it formed rare, individual radial stripes of β-gal-
positive cells. This raised the possibilities that (1) analysis of
the distribution of KRT5LacZ stripes may help evaluate the
new corneal epithelial stem cell hypothesis (Majo et al.,
2008) versus the conventional limbal epithelial stem cell hy-
pothesis in unmanipulated tissues and (2) the frequency of
rare β-gal-positive stripes may provide a useful approach for
comparing stem cell function in different groups of mice.
Results
β-galactosidase staining in the ocular surface of
KRT5LacZ/− mice
Three lines of hemizygous KRT5LacZ/− transgenic mice were
produced by pronuclear injection. They carried the LacZ re-
porter gene under the control of the human keratin 5 (KRT5)
promoter so all cells expressing keratin 5 should also be posi-
tive for β-galactosidase (β-gal). The transgene was designed
to express eGFP as well as LacZ (see Materials and methods)
but GFP fluorescence was much weaker than β-gal staining
and an unsuitable reporter for detecting KRT5 expression.
β-gal staining in adult skin showed mosaic rather than uniform
staining (Whitaker, 2004) and only one line (KA310) remained
when the current study of ocular surface staining was
undertaken.
The eyes of KRT5LacZ/− hemizygotes appeared normal by
gross morphology and histology (Figs. 1A–J). Eyes from eight
15-week old and nine 30-week old KRT5LacZ/− hemizygotes
were stained with X-gal and β-gal-positive cells were identi-
fied in the conjunctiva, limbus and cornea. Only a proportion
of conjunctival, limbal and corneal epithelial cells were β-
gal-positive (Figs. 1A–I). This mosaic pattern of β-gal staining
in the ocular surface differed from the more uniform distribu-
tion of K5 protein, identified by immunohistochemistry
(Fig. 2). β-gal-positive cells were present in the corneas of
only nine of 34 KRT5LacZ/− eyes but occurred in the conjuncti-
vas of all 26 eyes which had conjunctival tissue attached
around the whole circumference. In the conjunctiva and lim-
bus the β-gal-positive cells were grouped in patches (Fig. 1I)
but in the cornea they were arranged as radial stripes of vari-
ous lengths (Figs. 1A–G). The longest stripes extended from
the limbus to the central cornea, (Figs. 1A–F) whereas small
patches of β-gal-positive cells could be found anywhere on
the cornea (Fig. 1H). Histological sections of the stained
whole mounts showed that the β-gal staining in the cornea
was confined to the epithelium (Fig. 1J).
Figure 1 Patches and stripes ofβ-galactosidase-positive cells in the ocular surface of wild-type and Pax6+/−, KRT5LacZ/−mice. (A–I)Whole
mounts of wild-type KRT5LacZ/− eyes, showing β-gal-positive patches and stripes in the cornea. Ages are indicated for eyes included in the
quantitative comparison of stripes at 15 and 30 weeks. In some cases the pigmented iris is visible through the cornea and obscures some
of the β-gal staining. (A) Cornea with a single, long limbus–cornea (LC) stripe (arrow) of β-gal-positive cells (blue X-gal endpoint). (B) Flat-
tened preparation of the cornea in (A). (C) Cornea with two long limbus–cornea stripes (arrows). (D) Flattened preparation of the cornea in
(C). (E) Corneawith a long limbus–cornea stripe from a 30-week oldmouse. (F) Corneawith two long limbus–cornea stripes and several smal-
ler stripes from a 15-week oldmouse. (G) A small limbus–cornea stripe ofβ-gal-positive cells (arrow). (H) A small patch ofβ-gal-positive cells
(arrow) in the cornea from a 15-week old mouse. (I) Patches of β-gal-positive cells in the conjunctiva. (J) Section of the wild-type KRT5LacZ/−
eye in (G) showing the small limbus–cornea stripe of β-gal-positive cells extending from the limbus to the cornea. The β-gal staining is re-
stricted to the epithelial layer. (K and L) Whole mounts of Pax6Sey/+, KRT5LacZ/− eyes showing small patches of β-gal-positive cells (arrows)
and abnormal eyemorphology. (M–P)Wholemounts of Pax6Sey-Neu/+, KRT5LacZ/− eyes, showingβ-gal-positive patches (arrows) in the cornea.
(M) A long but discontinuous limbus–cornea stripe in a Pax6Sey-Neu/+, KRT5LacZ/− cornea (arrow). (N–P) Small patches of β-gal-positive cells
(arrows) in Pax6Sey-Neu/+, KRT5LacZ/− corneas. White arrows indicate corneal stripes; black arrows show small patches in the cornea. The blue
X-gal endpoint appears dark in greyscale prints of the figure. Scale bars, 1 mm except in (J) (0.1 mm).
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stripes in the KRT5LacZ/− corneal epithelium
For experiments discussed later, hemizygous KRT5LacZ/− mice
were produced by crossing KRT5LacZ/− mice with either hetero-
zygous Pax6Sey-Neu/+ or heterozygous Pax6Sey/+ mice. Each cross
produced some KRT5LacZ/− mice that were wild-type for Pax6and so genetically equivalent to the hemizygous KRT5LacZ/−
mice in the main colony and they are designated either
‘KRT5LacZ/−’ or ‘wild-type, KRT5LacZ/−’ mice to distinguish
them from than ‘Pax6Sey/+, KRT5LacZ/−’ and ‘Pax6Sey−Neu/+,
KRT5LacZ/−’ mice. We analysed the sizes and distributions of
β-gal-positive patches and stripes in the corneal epithelium
of eyes from wild-type KRT5LacZ/−mice from all three crosses.
Figure 2 Keratin 5 in the ocular surface of wild-type mice at
two different ages. Immunohistochemical detection of keratin 5
(brown stain) shows no reduction in staining between 15 and
32 weeks of age. (A) Whole cornea, 15 weeks. (B) Whole cornea,
32 weeks. (C) Peripheral cornea, 15 weeks. (D) Central cornea,
15 weeks. (E) Peripheral cornea, 32 weeks. (F) Central cornea,
32 weeks. (G) Negative control (no primary antibody), central cor-
nea, 32 weeks. The lenses were removed prior to sectioning and
some retina that was displaced during processing is visible in
(A) and (B). Scale bars, 200 μm (A and B) and 50 μm (C–G). The
brown DAB endpoint appears dark in greyscale prints of the figure.
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and these all appeared as radial stripes. Stripes were mea-
sured on frontal views of the corneas (Fig. 3) and the results
are summarised in Fig. 4A. Most of the stripes analysed(35/52=67%) had a peripheral end at the limbus and a more
central end in the cornea (LC stripes) and the others had both
peripheral and central ends in the cornea (CC stripes). LC stripes
extended into the limbus itself (Figs. 1G,J) and many of the CC
stripes were radially aligned with LC stripes or other CC stripes
(Fig. 3B). Although, on average, the more central end of the
stripes was further from the limbus in the CC stripes than in
the LC stripes (mean±standard error of the mean=1075±
87 μm versus 783±59 μm from the limbus; P=0.007 by t-test),
CC stripes were significantly shorter than the LC stripes (391±
60 μm versus 783±59 μm; P=0.002 by t-test).
As mentioned in the Introduction, a recently proposed al-
ternative to the LESC hypothesis suggested that stem cells
were scattered throughout the cornea and implied that corne-
al epithelial cells either moved very little or were more likely
to move centrifugally than centripetally (also see Discussion).
This CESC hypothesis proposes that during normal homeostasis
LESCs are quiescent so both CC and LC stripes would arise from
the cornea and extend centrifugally. If stem cells were distrib-
uted randomly over the area of the cornea and for simplicity
this is considered to be a flattened circle, the geometry im-
plies there should be more stem cells close to the limbus
than close to the centre because the area close to the limbus
is larger (Fig. 4B). The most central location for the end of a
stripe was approximately 1650 μm from the limbus and the
corneal radius in plain view was approximately 1800 μm.
(These measurements were taken from 2-dimensional images
of convex 3-dimensional whole-mount corneas and so are im-
precise but they provide an adequate comparison of the sizes
and locations of different stripes.) If we take 1800 μm as the
radius and divide the radius into three 600-μm lengths this
will divide the area into three concentric regions which are re-
spectively 55.56%, 33.33% and 11.11% of the total area (from
periphery to centre of the cornea) as shown in Fig. 4B. Thus,
if rare stripes arose stochastically from stem cells distributed
randomly throughout the corneal epithelium and extended to-
wards the limbus, 55.56% of the stripes would be predicted to
have their more central ends in the outer area (within 600 μm
of the limbus), 33.33% should be in the intermediate area
(600–1200 μm from the limbus) and 11% should be in the cen-
tral area (1200–1800 μm from the limbus).
The observed frequencies of the more central ends of all
the stripes in these three areas were 14 in the peripheral
area: 29 in the intermediate area: 9 in the central area.
(Stripes that ended at 600 or 1200 μm were counted as being
in the peripheral or intermediate group respectively.) This is
significantly different from the predicted distributions
(χ2=17.33; P=0.00017). If only the LC stripes (with one end
at the limbus) are considered, the frequency distributions
are: 12:20:3 (χ2=9.01; P=0.011). The difference between ob-
served and expected frequencies would be even greater if cor-
neal curvature was taken into account. These results do not
support the possibility that stripes arise from stem cells, dis-
tributed randomly throughout the corneal epithelium, and ex-
tend towards the periphery.Age-related reduction in β-galactosidase-positive
stripes in KRT5LacZ/− corneal epithelia
Previous studies showed that corneal epithelial stripe numbers
declined with age in mouse chimaeras and X-inactivation
Figure 3 Measurement of β-galactosidase-positive stripes in the corneal epithelium of KRT5LacZ/− mice. (A) Diagram showing mea-
surement of stripe length from stripe periphery (Sp) to stripe centre (Sc). For LC stripes (shown on the left) Sp is at the limbus (L) but
for CC stripes the distance between L and Sp was also measured. (B) Frontal view of a cornea with several blue stripes identified with
double-headed arrows (see Materials and methods for details of measurements). The blue X-gal endpoint appears dark in greyscale
prints of the figure.
113Mouse corneal stem cell functionmosaics (Collinson et al., 2002; Mort et al., 2009) so we tested
whether the same was true of the β-gal-positive stripes in
wild-type KRT5LacZ/− mice at 15 and 30 weeks. Eight of the 16
eyes from the 15-week old mice had at least one stripe and al-
together there were 18 stripes (Fig. 5A). Most of these (12/18)
were LC stripes, extending from the limbus towards the centre
and the remaining 6 were CC stripes, extending from the pe-
ripheral cornea towards the centre. In contrast, only one outA
B
Figure 4 Distribution of β-galactosidase-positive stripes in the corn
52 stripes in the corneal epithelia of 29 eyes from 15-week old wild-ty
boundary of the cornea at the limbus is shown as 0 μm. The lengths
the bars indicate the positions of the ends of the stripes relative to t
and are called LC (limbus–cornea) stripes in the text; 17 stripes have
The individual stripes are grouped as LC or CC stripes and ordered b
(C, central; I, intermediate; P, peripheral; L, limbus) matches the sha
concentric circles illustrate the relationship between the radial distanc
neal epithelium (C, central; I, intermediate; P, peripheral) and show tof the 18 eyes from the 30-week-old mice had a stripe
(Fig. 1E), so the mean stripe number per eye was significantly
lower than at 15 weeks (Mann–Whitney U test; P=0.003;
Fig. 5B). This reduction in β-gal-positive stripe numbers in
wild-type KRT5LacZ/− mice is unlikely to mirror any age-related
change in endogenous Krt5 promoter activity as immunohisto-
chemistry showed that the whole corneal epithelium stained
positive for K5 at both 15 and 32 weeks and there was noeal epithelium of KRT5LacZ/−mice. (A) The positions and lengths of
pe, KRT5LacZ/− mice from three different crosses are shown. The
of the bars show the lengths of the stripes (μm) and the ends of
he limbus. Thirty-five corneal stripes have one end at the limbus
both ends at the cornea are called CC (cornea–cornea) stripes.
y position. The grey background shading of the different regions
ding of the corneal regions in the diagrams shown in (B). (B) The
es (μm from limbus) and the relative areas of three regions of cor-
hat the regions are unequal in area (55.56% P:33.33% I:11.11% C).
A B
C D
Figure 5 Reduction of stripe number in corneas between 15 and
30 weeks in KRT5LacZ/−mice. (A) Frequency distribution of corneal
stripes per eye at 15 and 30 weeks. (B) Mean numbers of corneal
stripes per eye at 15 and 30 weeks. (C) Frequency distribution of
conjunctival patches per eye at 15 and 30 weeks. (D) Mean num-
bers of conjunctival patches per eye at 15 and 30 weeks. Conjunc-
tival patches were only counted for eyes, which had conjunctiva
attached around the whole circumference.
114 P. Douvaras et al.evidence for a decline in staining with age (Fig. 2). Further-
more, this reduction in corneal stripe numbers was greater
than any generalised down-regulation of the KRT5LacZ trans-
gene between 15 and 30 weeks because the frequency distribu-
tions of β-gal-positive patches in the conjunctivas were more
similar at the two ages and there was no significant difference
between the mean numbers of β-gal-positive conjunctival
patches per eye (Mann–Whitney U test; P=0.268; Figs. 5C,D).
This is an inexact statistical comparison, because the area of
conjunctival tissue dissected out was not constant among
eyes. However, differences in the sizes of the conjunctiva tissue
were small and, visually, the distributions of conjunctival
patches appeared similar at the two ages.
Since immunostaining of the endogenous K5 protein showed
no consistent reduction with age, the observed difference in
frequency of corneal stripe formation was specific to the
KRT5LacZ transgene. Moreover, since the decline in number of
corneal stripes was greater than the non-significant decline in
β-gal-positive patches in the conjunctiva, the age effect was
either qualitatively or quantitatively tissue-specific. Thus,
the reduction in corneal stripes represents an age-related re-
duction in the number of marked lineages established in the
corneal epitheliumEffect of Pax6 genotype on β-galactosidase positive
stripes in KRT5LacZ/− corneal epithelia
To test whether Pax6+/− mice produced fewer β-gal-positive
stripes we crossed KRT5LacZ/− mice to two Pax6+/− stocks(Pax6Sey/+ and Pax6Sey-Neu/+) in separate experiments (see
Materials and methods). Skin from the ears of wild-type,
KRT5LacZ/− and Pax6+/−, KRT5LacZ/− mice produced a similar
pattern of β-gal-positive patches (not shown) but the mosaic
patterns produced in the wild-type and Pax6+/− corneas were
very different.
In the first Pax6+/− experiment, eyes from 11 Pax6Sey/+,
KRT5LacZ/− mice were stained for β-gal at 15 weeks, along
with 16 wild-type (Pax6+/+) KRT5LacZ/− littermates. 12 out of
the 32 stained wild-type eyes showed at least one stripe in the
cornea. The eyes of the Pax6Sey/+, KRT5LacZ/− mice were small
and highly abnormal (Figs. 1K,L), with many features that
have been reported previously for this genotype on an outbred
background (Kanakubo et al., 2006). Previous studies have sug-
gested that conjunctival cells may move into the corneal epi-
thelium (conjunctivilisation of the cornea) in Pax6+/− mice and
PAX6+/− humans (Nishida et al., 1995; Ramaesh et al., 2003;
Davis et al., 2003). β-gal-positive patches in the Pax6Sey/+,
KRT5LacZ/− corneas were usually small and in the peripheral cor-
nea (Figs. 1K,L). These patches resembled the conjunctival
patches seen in the wild-type eyes (Fig. 1I) and some may
have resulted from incursion of the conjunctiva into the cornea.
Because the small patches in the Pax6Sey/+, KRT5LacZ/− corneas
were not comparable to the stripes seen in the wild-type,
KRT5LacZ/− corneas they were not quantified.
In the second Pax6+/− experiment, eyes from 10
Pax6Sey-Neu/+, KRT5LacZ/− mice were dissected and stained
for β-gal at 15 weeks, along with 22 wild-type KRT5LacZ/− litter-
mates. The wild-type KRT5LacZ/− eyes with β-gal staining in
their corneas all had 1, 2 or 3 stripes similar to those illustrated
in Figs. 1A–H. The corneas of the Pax6Sey-Neu/+, KRT5LacZ/−mice
were less severely affected than those of the Pax6Sey/+,
KRT5LacZ/−mice (Figs. 1M–P), whichwere on a different genetic
background. One of the Pax6Sey-Neu/+, KRT5LacZ/− eyes showed a
stripe equivalent to the stripes from the wild-type animals
(Fig. 1M). However, other eyes appeared similar to those seen
in the Pax6Sey/+, KRT5LacZ/− eyes and showed small patches of
β-gal-positive cells, which were mostly in the periphery of the
cornea (Figs. 1N–P). Again, as Pax6Sey-Neu/+ and wild-type stain-
ing patterns differed qualitatively, no quantitative comparison
of β-gal-positive lineages was made.Discussion
Expression of the endogenous Krt5 gene in the mouse
cornea
In most mammalian species K3 and K12 form the keratin pair of
the corneal epithelium whereas K5 pairs with K14 and is
expressed in the conjunctiva and limbus so there is a switch
from expression of Krt5 and Krt14 in the limbus to expression
of tissue-specific Krt3 and Krt12 in the cornea (Schermer
et al., 1986; Wolosin et al., 2004). However, there is no Krt3
gene in the mouse but both Krt5 mRNA (Lu et al., 2006) and
K5 protein (Byrne and Fuchs, 1993; Lu et al., 2006; Ou et al.,
2008) are present in the mouse cornea. It has been proposed
that K5 may pair with K12 in the mouse cornea and perhaps in
some other species (including human and dog where K3 levels
are relatively low in the corneal epithelium) (Chaloin-Dufau
et al., 1993; Hesse et al., 2004) but this remains uncertain.
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in the KRT5LacZ/− corneal epitheliumThe KRT5 promoter should only drive expression of the LacZ
reporter transgene in tissues where the endogenous Krt5
gene is expressed. Published evidence from RT-PCR (Lu
et al., 2006), immunohistochemistry (Byrne and Fuchs, 1993;
Lu et al., 2006) and proteomics (Ou et al., 2008) along with
our own immunohistochemistry (Fig. 2), implies that the en-
dogenous Krt5 gene is expressed in the corneal epithelium as
well as the conjunctiva and limbus. The KRT5LacZ transgene
showed amosaic pattern of expression in the conjunctiva, lim-
bus and corneal epithelium, unlike the more uniform expres-
sion of the endogenous Krt5 gene, suggesting that the
transgene undergoes stochastic inactivation, whichmay be at-
tributable to position effect variegation (Dobie et al., 1997).
This allowed the identification and analysis of rare stripes in
the corneal epithelium. Radialβ-gal-positive stripes were pro-
duced at a low frequency in the corneal epithelium, many of
which were over 1 mm long. It seems likely that each stripe
represents a clone of β-gal-positive corneal epithelial cells
produced by a β-gal-positive stem cell.
Analysis of the distribution of stripes helps evaluate the
new CESC hypothesis (Majo et al., 2008) versus the conven-
tional LESC hypothesis. The possibility that stripes extend
centripetally towards the centre of the cornea from stem
cells in the limbus, as predicted by the conventional LESC
hypothesis, is supported by the observation that most stripes
encompassed both the limbus and cornea. The limbal region,
as a whole, showed mosaic transgene expression so only a
proportion of active LESCs would be expected to express
the KRT5LacZ transgene. These β-gal-positive LESCs would
produce β-gal-positive stripes of corneal epithelial cells if
the transgene continues to be expressed in daughter TACs,
as they move from the limbus to the corneal epithelium.
Alternatively, if the LESCs are completely quiescent during
normal homeostasis, the stripes could arise exclusively from
stem cells distributed throughout the corneal epithelium, as
predicted by the more recent CESC hypothesis (Majo et al.,
2008). This would imply that the transgene is expressed in
some active CESCs and their daughter cells and, hence, stripes
could arise anywhere within the corneal epithelium and ex-
tend centrifugally towards the limbus. However, if stem cells
that expressed the transgene were distributed randomly
throughout the corneal epithelium and produced cells that
moved centrifugally, as proposed by the CESC hypothesis,
more than 50% of the stripes should have their more centrally
located ends within the outer third of the corneal radius. The
observed distribution of corneal stripes was not consistent
with this prediction (Fig. 4). Therefore, although we do not
fully understand how the β-gal-positive stripes in the corneal
epithelium of KRT5LacZ/− transgenic mice are produced, the
simplest interpretation is that they are clonal lineages derived
from stem cells located in the limbus.
However, the LESC hypothesis must also account for how
the CC stripes arise, as these do not include the limbus. First,
if β-gal-positive stripes were produced by LESCs they might
vary in length if β-gal-positive LESCs cycled through phases of
activity and inactivity. Thus, the LC stripes could reflect stripes
produced by LESCs that were in their active phase when the
mouse was killed whereas the CC stripes could have beenproduced by β-gal-positive LESCs that had subsequently be-
come inactive. All theβ-gal-positive stripes would be produced
by LESCs but a β-gal-positive LC stripe would be converted to a
β-gal-positive CC stripe if an active β-gal-positive LESC be-
comes quiescent and a neighbouring β-gal-negative LESC as-
sumes the role of maintaining that region of the corneal
epithelium. The β-gal-positive stripe would then be eroded
by β-gal-negative cells extending from the periphery. Second,
the CC stripes could be produced by progenitor TACs or CESCs
within the corneal epithelium. In this case the LC stripes
would extend centripetally from LESCs in the limbus, and the
CC stripes would also extend centripetally but would originate
from TACs and/or CESCs distributed throughout the corneal
epithelium.
The observations that the CC stripes were significantly
shorter than the LC stripes and the more central end of the
stripes was further from the limbus in the CC stripes than in
the LC stripes are consistent with both possibilities. The
higher frequency of LC stripes and the smaller size of the lim-
bus (compared to the cornea) imply that, even if additional
stem cells existed in the cornea, active stem cells would be
more concentrated in the limbus than the cornea and the
LESCs would maintain most of the corneal epithelium.
If the corneal epithelium contained some CESCs that
were specified independently of the LESCs, the two popula-
tions of β-gal-positive stem cells would not be expected to
be radially aligned yet, as noted in the Results, many of
the CC stripes were radially aligned with LC stripes
(Fig. 3B). Critically, this implies that CC stripes are unlikely
to be derived from an independently specified population of
CESCs. In contrast, if the CC stripes arose from progenitor
TACs that were descended from LESCs, β-gal-positive pro-
genitor TACs and their daughter cells would be expected
to be radially aligned with their parental β-gal-positive
LESCs and form a single LC stripe rather than a separate
CC stripe (unless LESC activity was intermittent, as sug-
gested in the first possibility). Production of a CC stripe
that is not part of a larger LC stripe would require a β-gal-
negative progenitor TAC to activate LacZ and produce a β-
gal-positive CC stripe. This seems improbable because the
transgene expression status is likely to be stably inherited
by daughter cells, once stochastic transgene silencing has
occurred in some cells early in development, if mosaic
transgene expression is produced by position effect variega-
tion (Dobie et al., 1997). TACs are, therefore, likely to be β-
gal-positive because they are descended from β-gal-
positive LESCs not because they activate the transgene de
novo. Thus, if transgene silencing occurs as expected, β-
gal-positive CC stripes are unlikely to be produced by TACs
that are clonally derived from β-gal-negative LESCs. As
there is no evidence supporting the presence of two progen-
itor or stem cell populations, we believe intermittent LESC
activity provides the most plausible explanation of how CC
stripes could arise.
We conclude that each rare β-gal-positive radial stripe
probably represents a clone of corneal epithelial cells derived
from an LESC that expresses the transgene. The clone will ex-
tend centripetally from the limbus as the stem cell produces
new TACs and as existing TACs in the clone divide. Although,
a β-gal-positive LC stripe will be formed initially, this may be
converted to a β-gal-positive CC stripe if the active β-gal-
positive LESC becomes quiescent, as discussed above.
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positive clones in the corneal epithelium
The frequency of β-gal-positive clones was significantly lower
in wild-type, KRT5LacZ/−mice at 30 weeks than at 15 weeks. If
the rare β-gal-positive stripes are marked lineages derived
from individual stem cells, as we propose, the stripe frequen-
cy will depend on the number of active LESCs that produce
corneal epithelial cells expressing the KRT5LacZ transgene.
Thus, the observed age-related decline in frequency of β-
gal-positive stripes in the corneal epithelium predicts that
the numbers of active LESCs decline with age and is consistent
with previous analysis of mouse chimaeras and X-chromosome
inactivation mosaics (Collinson et al., 2002; Mort et al., 2009).
Both approaches predict that LESC function declines with age
but alternative methods are required to test this prediction.
β-galactosidase-positive clones in the Pax6+/−,
KRT5LacZ/− corneal epithelium
Previous analysis of mouse chimaeras and X-chromosome inac-
tivation mosaics suggested that LESC function was impaired
in Pax6+/− mice and suggested that fewer, larger clones of
corneal epithelial cells were produced because there were
fewer active clones of stem cells (Collinson et al., 2004).
We were unable to test this prediction by comparing the fre-
quency of rare β-gal-positive clones in Pax6+/− and wild-type
KRT5LacZ/− corneal epithelia because most of the clones pro-
duced by the Pax6+/− mice were small patches and were
mainly in the peripheral cornea. Some of these patches
may have resulted from invasion of the conjunctiva into the
cornea and the presence of conjunctival cells expressing
the KRT5LacZ transgene in the cornea would have undermined
any numerical comparison. However, the difference in the
morphology of the β-gal-positive clones supports previous evi-
dence showing that corneal epithelial maintenance is highly
abnormal in Pax6+/− mice (Ramaesh et al., 2003; Collinson
et al., 2004; Davis et al., 2003; Ramaesh et al., 2005).
Evaluation of two alternative hypotheses for corneal
epithelial maintenance
One of the earliest indirect observations in support of the
conventional limbal epithelial stem cell hypothesis was the
identification of label-retaining cells (putative stem cells)
in the mouse limbus but not the central corneal epithelium
(Cotsarelis et al., 1989). This approach has been used to
identify putative stem cells in many epithelial tissues be-
cause they divide relatively infrequently and so retain their
label for longer than most cells after incorporating BrdU or
3H-thymidine. The LESC hypothesis is also strongly supported
by evidence that corneal epithelial cells move centripetally
during normal homeostasis (Kinoshita et al., 1981; Buck,
1985; Nagasaki and Zhao, 2003), implying that there is a
source of cells at the periphery, whereas conjunctival epi-
thelial cells do not move significantly (Nagasaki and Zhao,
2005). Studies of mouse X-inactivation mosaics, showing
that radial stripes emerge from the limbus after birth and
extend to the centre of the cornea after several weeks, sug-
gest stem cells in the limbus are activated postnatally and
produce TACs that move centripetally (Collinson et al.,2002; Mort et al., 2009). A similar transition from a random
mosaic pattern of GFP expression to radial stripes occurred
following labelling of embryonic cells with lentivirus-GFP
vectors and the GFP expression was shown to be localised
to the basal limbal epithelium (Endo et al., 2007).
Additional support for the LESC hypothesis comes from the
observation that large holoclones were produced more effi-
ciently from cultured human limbal basal epithelial cells, sug-
gesting they have higher proliferative potential than corneal
epithelial cells (Pellegrini et al., 1999). Furthermore, the mi-
totic activity of human limbal cells in explant cultures is higher
than for those in the cornea (Ebato et al., 1988). This experi-
mental evidence is supported by the successful clinical use of
limbal transplants to treat epithelial damage (Holland et al.,
2003; Kenyon and Tseng, 1989).
The alternative corneal epithelial stem cell (CESC) hypothe-
sis proposes that during normal homeostasis the corneal epithe-
lium is maintained by stem cells scattered throughout the
corneal epithelium itself and the limbus only contributes cells
to the corneal epithelium in response to wound healing (Majo
et al., 2008). This was based on surgical transplantation exper-
iments, which showed that when corneal epithelial tissue,
markedwith a reporter transgene, was transplanted to the lim-
bus of immunologically compromised mice it did not produce
labelled clones in the cornea unless the host corneal epithelium
was subsequently removed. The authors concluded that al-
though the transplanted limbal tissue contributed to corneal
repair, it did not contribute to steady state corneal mainte-
nance during normal tissue homeostasis. They also presented
supporting evidence from other species that holoclones could
be produced by culturing corneal epithelial cells as well as lim-
bal epithelial cells. Majo et al. (2008) further proposed that
cells in the conjunctiva and corneal epithelium responded to
opposing forces that tended to expand both tissues towards
each other so they met at the limbus, which they described
as ‘a zone of equilibrium’. This implies that any movement in
the corneal epithelium would be more likely to be centrifugal
than centripetal but this is difficult to reconcile with the strong
evidence that during normal maintenance of the unwounded
cornea, corneal epithelial cells move centripetally not centrif-
ugally (Kinoshita et al., 1981; Buck, 1985; Nagasaki and Zhao,
2003). Similarly, it does not account for the evidence that, in
different types of genetic mosaics, the initial randomly orien-
tatedmosaic pattern of cells is replaced by stripes of genetical-
ly marked cells, which emerge from limbus and extend
centripetally (Collinson et al., 2002; Mort et al., 2009; Endo
et al., 2007).
An alternative interpretation of the results reported by
Majo et al. (2008) is that the experimental manipulations
somehow prevented the transplanted cells from moving from
the limbus but the removal of the corneal epithelium removed
this impediment. It could then be argued that during normal
homeostasis the corneal epithelium is maintained by limbal
epithelial stem cells but if they are prevented from maintain-
ing the corneal epithelium, some TACs in the corneal epitheli-
um are capable of assuming their role. Detailed analysis of
clonal lineages produced by cells in the unmanipulated
cornea and limbus are required to evaluate the alternative
interpretations of this interesting series of transplantation
experiments.
Although our present study is not a conventional lineage
analysis, our observations are relevant to this debate.
Table 1 Sequences of primer pairs and their annealing
temperatures.
Gene name 5′→3′ sequence Annealing
temperature
Pax6Sey-Neu F GCAACACTCCTAGTCACATTCC 57.5 °C
Pax6Sey-Neu R ATGGAACCTGATGTGAAGGAGG 57.5 °C
Pax6Sey F TTAGGAAGGCTTTGTGGAGGC 56.5 °C
Pax6Sey R CTTTCTCCAGAGCCTCAATCTG 56.5 °C
LacZ F GTGACTACCTACGGGTAACA 60 °C
LacZ R ATTCATTGGCACCATGCCGT 60 °C
F, forward primer; R, reverse primer.
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KRT5LacZ/− transgenic mice were restricted to the peripheral
region of the cornea than would be predicted if stripes arise
from random locations in the corneal epithelium and extend
centrifugally. Also, although the extension of stripes into the
limbus itself is compatible with both hypotheses it is only a
required prediction if the stripes arose from LESCs. Overall,
the results of the present study are more consistent with the
conventional LESC hypothesis than the new corneal stem cell
hypothesis.
In our view, current experimental evidence, from various
studies with mice, fits the conventional limbal epithelial stem
cell hypothesis better than the new corneal epithelial stem
cell hypothesis. However, the recent study by Majo et al.
(2008) has focused attention on the existence of cells, located
throughout the corneal epithelium,which have the potential to
act as long-term progenitor cells. These could be TACs rather
than the stem cells thatmaintain the corneal epithelium during
normal homeostasis. Our interpretation is that during normal
steady-state homeostasis, the adult corneal epithelium is
maintained by stem cells located in the limbus, which produce
daughter TACs that migrate centripetally. If, for some reason,
the limbal epithelial stem cells are unable to continue to main-
tain the corneal epithelium perhaps some progenitor TACs can
assume the stem cell role.
Conclusions
The rare β-gal-positive, radial stripes observed in the corneal
epitheliumof KRT5LacZ/− transgenicmice are likely to be clonal
lineages of cells derived from stem cells. Their distributions
suggested they extended centripetally from the limbus,
which supports the limbal epithelial stem cell hypothesis.
The frequency of stripes declined between 15 and 30 weeks,
which predicts that stem cell function declines with age.
Pax6+/−, KRT5LacZ/− corneas had small β-gal-positive patches
rather than stripes, which confirms that corneal maintenance
is abnormal in the Pax6+/− mice.
Materials and methods
Mice
KRT5LacZ/− transgenic mice, expressing a β-galactosidase (β-
gal) reporter gene under the control of the human keratin 5
(KRT5) promoter were produced as described below and main-
tained by crossing hemizygous KRT5LacZ/− mice to wild-type
C57BL/6 or (C57BL/6×CBA/Ca)F1 hybrid mice. Pax6Sey/+ mice
on an outbred CD1 background were kindly provided by Dr.
Dirk A. Kleinjan (MRC Human Genetics Unit, Edinburgh). Het-
erozygous Pax6Sey-Neu/+ mice were maintained on a congenic
CBA/Ca genetic background by crossing Pax6Sey-Neu/+ and in-
bred CBA/Ca mice. Pax6Sey-Neu/+ heterozygotes were distin-
guished from wild-type littermates by eye size and their
genotypes were confirmed by polymerase chain reaction
(PCR) (Quinn et al., 1996). Inbred CBA/Ca wild-type mice
were used for keratin 5 (K5) immunohistochemistry. Mice
were maintained in animal facilities of the College of Medicine
and Veterinary Medicine, University of Edinburgh and MRC
Human Genetics Unit, Edinburgh. Animal work was performed
in accordance with institutional guidelines and UK Home Officeregulations. Consumables were purchased from Sigma (Poole,
UK) and procedures were carried out at room temperature, un-
less stated otherwise.
Production of KRT5LacZ/− mice
A KRT5-LacZ construct containing the human KRT5 (keratin 5)
promoter was subcloned into a promoterless vector containing
an internal ribosomal entry site (IRES)-enhanced green fluores-
cent protein (eGFP) sequence to produce the K5A1 (human K5
promoter-pCI intron-LacZ-IRES-eGFP) plasmid (Whitaker,
2004). Transgenic animals were created by pronuclear micro-
injection into (C57BL/6×CBA/Ca)F2 eggs using standard tech-
niques (Hogan et al., 1994). Pups were genotyped by PCR to
identify LacZ sequences in genomic DNA fromear-clip biopsies.
Genotyping
DNA was extracted from tail tip or ear clip biopsies with
100 μg proteinase K in quick lysis buffer (100 mM Tris–HCl,
pH: 8.5, 5 mM EDTA, 0.2% SDS and 200 mM NaCl), precipitat-
ed and diluted in water and stored in −20 °C. PCR reaction
mixtures comprised 1 μl DNA, 200 ng of each primer (from
MWG Biotech; Table 1), 200 μM dNTPs (Invitrogen), 1× reac-
tion buffer and 1 U Taq DNA polymerase (Roche) in a final
volume of 50 μl. The target sequence was then amplified
and the Pax6 genotype was determined by digesting the PCR
product with 5U DdeI (Roche) for Pax6Sey or HindII (Roche)
for Pax6Sey-Neu in 20 μl reactions and separating DNA frag-
ments by electrophoreses on a 4% NuSieve GTG agarose gel
(Quinn et al., 1996).
β-galactosidase staining andmeasurement of corneal
stripes
Dissected eyes were fixed in 0.2% glutaraldehyde for 2 h,
stained for β-galactosidase expression with X-gal, post-fixed
in 4% paraformaldehyde and stored in 70% ethanol at 4 °C as
previously described (Collinson et al., 2002; Mort et al.,
2009). Calibrated digital images of frontal views of corneas
were captured with a Nikon Coolpix 995 digital camera
mounted on a Wild M5A dissecting microscope. β-gal-positive
regions longer than 50 μm all appeared as radial stripes and
these stripe lengths were measured with Adobe Photoshop
software. Stained eyes were examined under a dissecting mi-
croscope to determine whether stripes were continuous or dis-
continuous before measurements weremade.When there was
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and they were not radially aligned they were counted as sepa-
rate stripes. Discontinuous stripes that were aligned were also
considered to be separate stripes if the unstained gap was lon-
ger than 100 μm. The length of each stripe was measured and,
for CC stripes, the radial distance from the limbus to the pe-
ripheral end of the stripe was also measured (Fig. 3). Subse-
quently, some eyes were embedded in wax, sectioned at
7 μm and counterstained with eosin and neutral red.
Keratin 5 immunohistochemical staining
For K5 immunohistochemistry, eyes were fixed in 4% parafor-
maldehyde for 24 h, lenses were removed to facilitate section-
ing via a cut in the posterior of the eye and the eyes were
embedded in paraffin wax after dehydration in a graded etha-
nol series. Longitudinal sections were cut at 7 μm in thickness,
mounted on Polysine slides (VWR laboratory supplies),
dewaxed in histoclear, washed in 100% ethanol and rehydrated
through a graded ethanol series to water. Deparaffinised sec-
tions were incubated with 3% hydrogen peroxide in methanol
for 20 min, rehydrated with 70% ethanol, washed in phosphate
buffered saline (PBS), heated in a water bath at 95 °C for
35 min in 0.01 M citrate buffer (to unmask antigenic sites)
and washed in PBS. The sections were treated with blocking
serum (5% normal goat serum in PBS, 0.1% BSA) for 30 min
and then incubated overnight at 4 °C with cytokeratin 5 (K5)
rabbit polyclonal primary antibody (Abcam ab53121) diluted
1:100 in blocking serum. Slides were washed in PBS and incu-
bated with normal goat serum for 10 min. Then treated for
30 min with secondary antibody (biotinylated goat anti-rabbit
IgG, Vector BA-1000) diluted 1:500 in blocking serum, washed
in PBS and then incubated for 30 min with avidin–biotin re-
agent (ABC RTU vectastain, Vector PK-7100). After sections
were washed in PBS, the binding antibody was visualised by
3,3′-diaminobenzidine (DAB) staining. Sectionswere then light-
ly counterstained with haematoxylin, rinsed and mounted with
DPX mounting medium. Control slides were treated similarly
but without the K5 antibody. Sections were examined with a
Zeiss Axioplan 2 compound microscope and images were cap-
tured with a Zeiss Axiovision 4.8 digital camera system.
Statistical analysis
Statistical tests (unpaired student's t-tests, Mann–Whitney U tests
and chi-square tests) were performed using Microsoft Excel or the
statistical package StatView 5.0 (SAS Institute Inc).Acknowledgments
We thank Brendan Doe for performing pronuclear injections,
staff at BRR, University of Edinburgh and the Transgenic Unit,
MRC Human Genetics Unit for expert animal husbandry and
specialised technical services, Dirk A. Kleinjan for providing
Pax6Sey/+ mice, Ted Pinner for help with the illustrations and
Richard Mort for critical comments on the manuscript. This
work was supported, in part, by a PhD studentship for PD from
Fight for Sight (UK) and the RS MacDonald Charitable Trust,
awarded to JW.References
Buck, R.C., 1985. Measurement of centripetal migration of normal
corneal epithelial cells in the mouse. Invest. Ophthalmol. Vis.
Sci. 26, 1296–1299.
Byrne, C., Fuchs, E., 1993. Probing keratinocyte and differentiation
specificity of the human K5 promoter in vitro and in transgenic
mice. Mol. Cell. Biol. 13, 3176–3190.
Chaloin-Dufau, C., Pavitt, I., Delorme, P., Dhouailly, D., 1993. Identi-
fication of keratin-3 and keratin-12 in corneal epithelium of verte-
brates. Epithelial Cell Biol. 2, 120–125.
Collinson, J.M., Chanas, S.A., Hill, R.E., West, J.D., 2004. Corneal
development, limbal stem cell function, and corneal epithelial
cell migration in the Pax6+/− mouse. Invest. Ophthalmol. Vis.
Sci. 45, 1101–1108.
Collinson, J.M., Morris, L., Reid, A.I., Ramaesh, T., Keighren, M.A.,
Flockhart, J.H., Hill, R.E., Tan, S.S., Ramaesh, K., Dhillon, B.,
West, J.D., 2002. Clonal analysis of patterns of growth, stem
cell activity, and cell movement during the development and
maintenance of the murine corneal epithelium. Dev. Dyn. 224,
432–440.
Cotsarelis, G., Cheng, S.Z., Dong, G., Sun, T.T., Lavker, R.M., 1989.
Existence of slow-cycling limbal epithelial basal cells that can be
preferentially stimulated to proliferate: implications on epithelial
stem cells. Cell 57, 201–209.
Davanger, M., Evensen, A., 1971. Role of the pericorneal papillary
structure in renewal of corneal epithelium. Nature 229,
560–561.
Davis, J., Duncan, M.K., Robison, W.G., Piatigorsky, J., 2003. Require-
ment for Pax6 in corneal morphogenesis: a role in adhesion. J. Cell
Sci. 116, 2157–2167.
Dobie, K., Mehtali, M., McClenaghan, M., Lathe, R., 1997. Variegated
gene expression in mice. Trends Genet. 13, 127–130.
Ebato, B., Friend, J., Thoft, R.A., 1988. Comparison of limbal and
peripheral human corneal epithelium in tissue culture. Invest.
Ophthalmol. Vis. Sci. 29, 1533–1537.
Endo, M., Zoltick, P.W., Chung, D.C., Bennett, J., Radu, A.,
Muvarak, N., Flake, A.W., 2007. Gene transfer to ocular stem
cells by early gestational intraamniotic injection of lentiviral
vector. Mol. Ther. 15, 579–587.
Hesse, M., Zimek, A., Weber, K., Magin, T.M., 2004. Comprehensive
analysis of keratin gene clusters in humans and rodents. Eur.
J. Cell Biol. 83, 19–26.
Hogan, B., Beddington, R., Costantini, F., Lacy, E., 1994. Manipulating
the Mouse Embryo. A Laboratory Manual, Second ed. Cold Spring
Harbor Laboratory Press.
Holland, E.J., Djalilian, A.R., Schwartz, G.S., 2003. Management of
aniridic keratopathy with keratolimbal allograft: a limbal stem
cell transplantation technique. Ophthalmology 110, 125–130.
Kanakubo, S., Nomura, T., Yamamura, K.I., Miyazaki, J.I., Tamai, M.,
Osumi, N., 2006. Abnormal migration and distribution of neural
crest cells in Pax6 heterozygous mutant eye, a model for human
eye diseases. Genes Cells 11, 919–933.
Kenyon, K.R., Tseng, S.C.G., 1989. Limbal autograft transplantation
for ocular surface disorders. Ophthalmology 96, 709–723.
Kinoshita, S., Friend, J., Thoft, R.A., 1981. Sex chromatin of donor
corneal epithelium in rabbits. Invest. Ophthalmol. Vis. Sci. 21,
434–441.
Lehrer, M.S., Sun, T.T., Lavker, R.M., 1998. Strategies of epithelial
repair: modulation of stem cell and transit amplifying cell proli-
feration. J. Cell Sci. 111, 2867–2875.
Lu, H., Zimek, A., Chen, J., Hesse, M., Bussow, H., Weber, K.,
Magin, T.M., 2006. Keratin 5 knockout mice reveal plasticity of
keratin expression in the corneal epithelium. Eur. J. Cell Biol.
85, 803–811.
Majo, F., Rochat, A., Nicolas, M., Jaoude, G.A., Barrandon, Y.,
2008. Oligopotent stem cells are distributed throughout the
mammalian ocular surface. Nature 456, 250–255.
119Mouse corneal stem cell functionMort, R.L., Ramaesh, T., Kleinjan, D.A., Morley, S.D., West, J.D.,
2009. Mosaic analysis of stem cell function and wound healing
in the mouse corneal epithelium. BMC Dev. Biol. 9, 4.
Nagasaki, T., Zhao, J., 2003. Centripetalmovement of corneal epithelial
cells in the normal adult mouse. Invest. Ophthalmol. Vis. Sci. 44,
558–566.
Nagasaki, T., Zhao, J., 2005. Uniform distribution of epithelial stem
cells in the bulbar conjunctiva. Invest. Ophthalmol. Vis. Sci. 46,
126–132.
Nishida, K., Kinoshita, S., Ohashi, Y., Kuwayama, Y., Yamamoto, S.,
1995. Ocular surface abnormalities in aniridia. Am. J. Ophthalmol.
120, 368–375.
Ou, J.,Walczysko, P., Kucerova, R., Rajnicek, A.M., McCaig, C.D., Zhao,
M., Collinson, J.M., 2008. Chronic wound state exacerbated by oxi-
dative stress in Pax6+/− aniridia-related keratopathy. J. Pathol.
215, 421–430.
Pellegrini, G., Golisano, O., Paterna, P., Lambiase, A., Bonini, S., Rama,
P., De Luca, M., 1999. Location and clonal analysis of stem cells and
their differentiated progeny in the human ocular surface. J. Cell
Biol. 145, 769–782.
Pajoohesh-Ganji, A., Stepp, M.A., 2005. In search of markers for the
stem cells of the corneal epithelium. Biol. Cell 97, 265–276.
Quinn, J.C., West, J.D., Hill, R.E., 1996. Multiple functions for Pax6
in mouse eye and nasal development. Genes Dev. 10, 435–446.Ramaesh, T., Collinson, J.M., Ramaesh, K., Kaufman, M.H., West,
J.D., Dhillon, B., 2003. Corneal abnormalities in Pax6+/− small
eye mice mimic human aniridia-related keratopathy. Invest.
Ophthalmol. Vis. Sci. 44, 1871–1878.
Ramaesh, T., Ramaesh, K., Collinson, J.M., Chanas, S.A., Dhillon, B.,
West, J.D., 2005. Developmental and cellular factors underlying
corneal epithelial dysgenesis in the Pax6+/− mouse model of aniri-
dia. Exp. Eye Res. 81, 224–235.
Schermer, A., Galvin, S., Sun, T.T., 1986. Differentiation-related
expression of a major 64k corneal keratin in vivo and in culture
suggests limbal location of corneal epithelial stem cells. J. Cell
Biol. 103, 49–62.
Schlotzer-Schrehardt, U., Kruse, F.E., 2005. Identification and charac-
terization of limbal stem cells. Exp. Eye Res. 81, 247–264.
Smith, R.S., Sundberg, J.P., John, S.W.M., 2002. The anterior segment
and ocular adnexae. In: Smith, R.S. (Ed.), Systematic Evaluation of
the Mouse Eye. Anatomy, Pathology and Biomethods. CRC Press,
Boca Raton, Florida, pp. 1–23.
Whitaker, D.A., 2004. Transgenic approaches for the investigation
of putative airway stem cells as potential targets for gene cor-
rection therapy. PhD thesis. University of Edinburgh, Edinburgh,
p. 295.
Wolosin, J.M., Budak, M.T., Akinci, M.A.M., 2004. Ocular surface epi-
thelial and stem cell development. Int. J. Dev. Biol. 48, 981–991.
